To understand the deformation and internal stress of a red blood cell when it is pushed through a slit by an incoming flow, we conduct a numerical investigation by combining a fluid-cell interaction model based on boundary-integral equations with a multiscale structural model of the cell membrane that takes into account the detailed molecular architecture of this biological system. Our results confirm the existence of cell 'infolding', during which part of the membrane is inwardly bent to form a concave region. The time histories and distributions of the area deformation, the shear deformation, and the contact pressure during and after the translocation are examined. Most interestingly, it is found that in the recovery phase after the translocation significant dissociation pressure may develop between the cytoskeleton and the lipid bilayer. The magnitude of this pressure is closely related to the locations of the dimple elements during the transit. Large dissociation pressure in certain cases suggests the possibility of mechanically induced structural remodeling and structural damage such as vesiculation. With quantitative knowledge about the stability of intra-protein, inter-protein and protein-to-lipid linkages under dynamic loads, it will be possible to achieve numerical prediction of these processes.
Introduction
Due to its simplicity and existing knowledge about its detailed molecular architecture, red blood cells (RBCs) provide an ideal model system for studying the structure versus function of living cells. A mature RBC has no nucleus -it basically contains cytosol enclosed within a highly deformable composite membrane. Conventionally, this membrane is viewed as a two-layer structure. The outer layer refers to the lipid bilayer, which behaves like fluid. The inner layer, the cytoskeleton, is a protein network with 33,000 repeating units called junctional complexes (JCs). A JC is characterized by a 'spoked' structure with a central piece of short actin protofilament surrounded by up to 6 spectrin (Sp) dimers. The neighboring JCs are linked through head-to-head association of these Sp dimers. The cytoskeleton is connected to the lipid bilayer at isolated pinning sites, including the suspension complex (SC) (consisting of band 3, ankyrin, and protein 4.2) and the secondary site (consisting of protein 4.1 and glycophorin C). Hereby band 3 and glycophorin C are transmembrane proteins that penetrate the lipid bilayer. Since the lipid bilayer is fluidic, these transmembrane proteins can drift within it so that the two layers can slide against each other, allowing them to have different local in-plane (area and shear) deformations. The overall surface area of the cell, on the other hand, does not vary much due to the large area stiffness of the lipid bilayer. The RBC membrane exists in a state of dynamic equilibrium as a result of the dynamic balances between associated and dissociated states of many intra-protein, inter-protein, and protein-to-lipid linkages in it. These balances can be disturbed by mechanical loads. According to previous investigations, the connections that may rupture under mechanical loads include: (1) the folded domains inside Sp 1,2 , (2) the head-tohead association between Sp dimers that links the neighboring JCs 3, 4 , (3) the band 3-ankyrin 'bridge' that is the connection between the SC and the lipid bilayer 5 , (4) the protein 4.1-band 3 connection 6 , and (5) the band 3-lipid bilayer connection 7 . The occurrence of these dissociations will dramatically change the mechanical properties of the membrane, causing structural instability, and even permanently damage the cell (manifested in hemolysis, the bursting of the cell and the release of hemoglobin into the plasma). For example, the rupture of the band 3-ankyrin linkage or the band 3-lipid linkage will cause detachment of the skeleton from the lipid bilayer, leading to vesiculation (or vesicle formation). Vesiculation is associated with membrane loss and dramatic changes in the shape and physiology of the cell. Large in-plane stress in the cytoskeleton (i.e. the stress within the plane of the skeleton itself) may trigger dissociation of the Sp-to-Sp bonds between JCs, leading to changes in the mechanical properties of the cell or even phase transition from elasticity to plasticity 8 . In addition, despite the large area stiffness of the lipid bilayer, sufficiently large mechanical loads may cause unrecoverable expansion of pores on the membrane and eventually cell burst-ing. According to experiments under quasi-static conditions, the maximum areal strain the membrane can withstand is 2-4%, beyond which it will break 9, 10 . Under dynamic loading, the experiments conduced by Li et al. through an impulsive stretching experiment suggest that the RBC membrane may be capable of sustaining area expansion as large as 40% without bursting 11 .
During circulation, RBCs travel in fluidic channels within endothelial walls. In natural conditions, the cell sustains large dynamic deformations owing to the combined effect of fluid loading and confinements such as capillaries and venous sinuses in the spleen. These loadings may affect the structural integrity of the cell, leading to structural remodeling, phase transition, structural failure and cell dysfunction. The possibility of flow-induced cell damage is more pronounced within artificially-created flow fields inside mechanical circulatory support apparatus (for example artificial blood pumps) 12 . The molecular-level structural stability of a RBC under large dynamic loading is thus essential to its normal function. However, to date there is little knowledge about whether or how these flow-induced structural remodeling and structural failure happen in vivo.
One of the most severe environments in circulation occurs inside a spleen, where blood runs from the red-pulp cords (ends of small arterioles) to the venous sinuses and collects back into the venous system. The venous sinuses are made of parallel series of endothelial cells with slits between them. Normal red blood cells can pass through these slits while aged, defected, or infected red blood cells may be stuck there, where they are phagocytosed by macrophages. While most of the existing fluid-cell interaction models concentrate on the dynamics of RBCs in simple shear flows [13] [14] [15] [16] [17] [18] [19] [20] [21] , inside a tube [22] [23] [24] , or near a wall 25 , there do exist studies about the translocation of RBCs through a slit. For example, via systematic simulations Freund has investigated the critical conditions for the cell to successively pass through a slit at different combinations of incoming flow speed, viscosity ratio, cell orientation, and relative position between the cell and the slit 26 . This study has illustrated an interesting cell deformation mode called 'infolding'. When it happens large curvature on the cell membrane is observed, suggesting that large internal strain and stress are indeed possible in this process. A similar setup was examined in an earlier study by Halpern and Secomb 27 using the lubrication theory. In terms of the large cell deformation due to boundary confinement, this scenario is also similar to the passage of RBC through a cylindrical capillary 28, 29 . However, in these models the cell membrane is depicted as a single layer of material with uniform properties. No detailed local membrane deformation and internal stress (especially the interaction stress between the cytoskeleton and the lipid bilayer) are examined. In another report the dynamics of a RBC as it passes through a microfluidic channel (with dimensions as small as 2.7µm×3µm) was investigated with both experiments and numerical modeling by using a dissipative particle dynamics (DPD) model 30 . The focus was on cell deformation and the effects of various conditions (e.g. size of the channel). The internal stress in the cell was not examined.
The purpose of this study is to numerically investigate the process of a RBC passing through a slit (mimicking the venous system inside a spleen) driven by incoming flow through a multiscale fluid-structure interaction model that accounts for the double-layer structure of the membrane, the molecularlevel architecture, and the viscoelasticity of the system. Unlike the aforementioned work, the focus of this study will be on local deformations of the membrane and the skeletonbilayer contact pressure during the process.
The rest of the paper is organized as follows. We first define the physical problem, including the geometry of the solid boundaries that form the slit as well as the initial orientation of the cell and its initial location with respect to the slit. This is followed by a brief description of the multiscale model of the cell membrane and the boundary-element model of fluid effects (details of these models have been published earlier). Numerical results, including overall cell deformations, detailed in-plane deformations of the membrane, and contact pressure between the cytoskeleton and the lipid bilayer are then discussed. Finally, conclusions are drawn.
Physical problem
As shown in Fig. 1 , we consider the process of a red blood cell being driven through a slit of width δ by an incoming flow with average speed U. The slit is formed between two solid boundaries, each of them with width L, height H, and thickness D. The upper and lower ends of these boundaries are rounded with radius D/2. The reported ranges for D and δ in human spleen are 0.9-3.2 µm and 0.25-1.2 µm, respectively 31 . In our study we choose D = 2 µm and δ = 1 µm. We further set L to be 15 µm and H to be 8.5 µm. Following Freund 26 , we render the problem to be triply periodic with periods of 100 µm, 19 µm, and 15.2 µm in x, y, and z directions, respectively.
At its starting position, the horizontal distance from the center of the cell to the slit is 10 µm. The initial orientation of the cell is depicted by two angles, the roll angle θ 0 and the pitch angle ϕ 0 . Although the lateral offset between the initial location of the cell and the slit (i.e. the initial distance between the center of the cell to the slit in the y direction) also plays a role in determining the dynamics during the process (e.g. the occurrence of infolding) 26 , for simplicity in the present study this parameter is not considered so that we concentrate on the scenario when the center of the cell is initially aligned with the center of slit in both y and z directions. 
Fluid-structure interaction model
We solve the aforementioned fluid-structure interaction problem by combining a boundary-element fluid model with a multiscale structural model of the cell membrane. To elaborate, the fluid model we use is based on the low-Reynolds number assumption and mathematically depicted by boundaryintegral equations. In this approach the cell membrane is represented by distributions of Stokeslets, which is then solved using the boundary-element method. In the structural side, the cell membrane is represented by a three-level multiscale model that relates the mechanics of the complete cell to its detailed molecular architecture. In the following we briefly summarize the key components of these models. The details can be found in our previous publications 2,32-34 .
The multiscale structural model
In its current version, our multiscale approach consists of models in three length scales: a complete cell model, a local model that accounts for the junctional complex structure of the protein network, and a molecular-based constitutive model of the Sp (the protein that determines the stiffness of the membrane). In the following key characteristics of these three models are summarized.
In the complete cell model (also referred to as the Level III model), the membrane is represented as two layers of continuum shells 34 . Due to the mobility of transmembrane proteins such as band 3 or glycophorin C inside the lipid bilayer, these two layers are allowed to slide against each other so that they can have different local (area and shear) deformations. Correspondingly, in this level the skeleton-bilayer interactions are depicted as a slide in the lateral (i.e. in-plane) direction and a contact pressure in the normal direction. The viscous friction coefficient between the two layers is estimated by considering the skeleton density and the diffusivity of the transmembrane proteins within the lipid bilayer 34 . Numerically, quadrilateral finite elements (instead of triangular elements) are applied to avoid the shear-locking problem 35, 36 .
The properties of the inner layer (the protein skeleton) in the Level III model are obtained from a molecular-based model of the JC (Level II model). In this model we consider the JC as six Sps (each Sp is modeled as a nonlinear spring in the Level I model) surrounding an actin protofilament 32 . By using this model the mechanical properties of the skeleton at different deformations are computed and documented. In a typical information-passing algorithm, these properties are used by the level II model as constitutive laws of the inner layer.
The mechanical properties of Sp are obtained with a stressstrain model (Level I model) 2 . Sp is a biopolymer that can be overstretched (i.e. stretched beyond its contour length) due to unfolding of domains in it. Our model behaves similar to the conventional worm-like-chain (WLC) model in small to modest stretching. In large deformation a model based on the Arrhenius equation is applied to predict the occurrence and effect of domain unfolding (which is thermally activated). The predictions are summarized as constitutive laws of Sp and employed in the level II models.
The three-dimensional configuration and deformation predicted by the Level III model can be utilized by the Level II model to determine mesoscale mechanics and mechanical loads at the protein-to-protein and protein-to-lipid linkages so that the possibility of mechanically induced structural remodeling can be estimated.
Fluid-cell interaction
Owing to its small length scale, the flow field around a red blood cell is classified as the low-Reynolds number Stokes/Oseen flow. Mathematically, the problem can be linearized and formulated by using distributions of Stokeslets on the membrane surface. We apply a boundary-element method to solve the surrounding flow field and couple it with our multiscale model of the cell membrane. In this approach, the flow field is considered as the combined effect of an interfacial distribution of point forces called the single-layer Stokes flow potential, and an interfacial distribution of point sources with zero net strength accompanied by point-force dipoles known as the double-layer Stokes flow potential. This method solves the outside flow and the inside flow simultaneously 37 . Detailed mathematical formulations of this model is shown in the appendix.
In reality, the solid boundaries that form the slit are made of endothelial cells. These cells are covered by a layer of endothelial glycocalyx consisting of glycoproteins and other 38 , which prevents the cell membrane from approaching too close to the boundaries. In our model this layer is depicted as a repulsive zone of thickness 0.1 µm on the boundaries. The thickness of our repulsive zone is close to the thickness of the exclusion zone used by Freund 26 , although we use physical pressure to keep the cell away from the boundary, rather than artificially move it away when it comes too close. To elaborate, whenever the cell membrane penetrates this zone, it is pushed away along the normal direction of the boundary by a pressure whose magnitude increases linearly with the penetration distance. The exact magnitude of this pressure is chosen through numerical tests to guarantee that the penetration distance is much smaller than the thickness of the repulsive zone itself.
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Results
We apply the aforementioned fluid-cell interaction algorithm to simulate the entire process of a RBC passing through a slit as defined in Fig. 1 . The mean speed of the incoming flow (U) is prescribed to be 100µm/s. According to in vivo experiments inside rat spleen 39 , the transit time of RBC through a slit ranges from 0.02s to 60.5s, with the peak occurring around 0.1s (see Fig. 5 in that report). By using this incoming flow speed, the transit time predicted by our model falls into this range.
In the following simulations we consider the behavior of the system around three representative initial orientations: θ 0 = ϕ 0 = 0 • (case 1), θ 0 = 0 • and ϕ 0 = 90 • (case 2), and θ 0 = 90 • and ϕ 0 = 0 • (case3). The physical properties of the lipid bilayer and the cytoskeleton are listed in Tables 1 and 2 , respectively. Based on the reported diffusivity of transmembrane proteins 40 , the friction coefficient per unit area c f between the cytoskeleton and the lipid bilayer is estimated as 144 34 , where ρ and ρ 0 are the deformed and initial protein densities of the cytoskeleton, respectively. We note that the areal stiffness K b of the lipid bilayer used in this study (9.6 × 10 2 pN µm −1 ) is higher than the one used by Freund (67.7 pN µm −1 ) 26 . However, it is still significantly below the value used by Pozrikidis (10 5 pN µm −1 ) 43 or the one from measurements (5×10 5 pN µm −1 ) 41 . This is because high values of K b require tiny time steps for numerical stability, which are computationally impractical. Subsequently, it is expected that our model will over-predict the magnitude of the area deformation. For that reason, the purpose of this modeling study is to explore the pattern of the area deformation on the membrane. We will also be able to predict the upper limit of the magnitude of the area expansion and compare that with the critical values that may lead to cell bursting. In our model the shear modulus of the cytoskeleton is a nonlinear function of deformation predicted by the level II model. Its initial value (the value without any deformation) is listed in Table 2 as µ s .
In the finite-element implementation, both the lipid bilayer and the cytoskeleton are represented by 3000 elements (i.e. the total number of finite elements used is 6000). Correspondingly, 3000 boundary elements are employed on the cell membrane to resolve fluid effects. In addition, 1300 boundary elements are used on the solid boundaries, with the mesh density increased near the slit. The time step for simulation is chosen to be 4 × 10 −6 second. To reduce computational effort, in the present study we concentrate on the case when the viscosity ratio Λ = 1 (see the appendix) so that the viscosities of the inner and outer fluids are the same (hereby chosen as 0.006 pN s µm −2 46 ).
To quantitatively measure the in-plane deformations of the bilayer and skeleton, we define two independent parameters, α = λ 1 λ 2 (representing the area deformation) and γ = λ 1 /λ 2 (representing the shear deformation), where λ 1 and λ 2 are principle in-plane stretches (by definition λ 1 > λ 2 ). Due to the small time scale of the process, the sliding motion between the cytoskeleton and the lipid bilayer is negligible so that they have approximately the same deformations (as illustrated in our previous study 47 , it takes O(10) seconds for significant sliding between the skeleton and the lipid bilayer to develop). For that reason, in the following results we do not distinguish between the in-plane deformation of the cytoskeleton and that of the lipid bilayer, despite the fact that there are tiny differences between them. 
Deformation of the cell shape
The shape deformations of the cell when it passes through the slit with the three initial orientations are shown in Fig. 2 . When θ 0 = ϕ 0 = 0 • the deformation is simple: during the passing process the part of the cell inside the slit is compressed while those outside are bloated to keep the total volume of the cell unaltered. The overall shape of the cell resembles a dumbbell with two bulges connected by a bridge (see Fig. 2a at 54 ms). Driven by the incoming flow, the membrane of the cell, together with the fluid inside, is transported from left to right until the left bulge completely disappears (at 68 ms). Afterwards the part of the cell in the slit is quickly retracted to catch up with the rest of the cell body in a process similar to the snapping of a cable when it breaks, during which the cell shape becomes unsymmetrical in the y direction.
A distinctively different behavior is observed when θ 0 = 0 • and ϕ 0 = 90 • (Fig. 2b) . In a phenomenon described by Freund as 'infolding' 26 , before leaving the slit the cell membrane folds inward to form a concave region (see Fig. 2b at t = 104 ms). The membrane that remains in the slit creates two 'tongues' with an empty space between them. Even after the cell leaves the slit (at t = 118 ms), the infolded shape is still preserved, leading to regions with high curvature on the cell membrane.
The occurrence of infolding is more pronounced in case 3 with θ 0 = 90 • and ϕ 0 = 0 • (Fig. 2c) . It is seen that two concave regions appear even before the bulk of the cell enters the slit (at t = 80 ms). These two regions later combine to form a single infolded region (at t = 106 ms). Similar to the previous case, in the recovery phase the infolded region remains for a while. 
Area and shear deformations of the membrane
In Fig. 3 we plot the time histories of the maximum values of the area formation α (α > 1 corresponds to area expansion) and the shear deformation γ. In that figure we use dotted lines to mark the start and end of the passing process, defined as the moment the cell enters the slit and the moment it leaves, respectively. Not surprisingly, most of the area and the shear deformations occur when part of the cell is inside the slit. In all three cases, the maximum area expansion reaches 5-6%, slightly higher than the critical quasi-static areal strain (2-4%) that leads to membrane rupture 9,10 , but significantly lower than the maximum value of areal strain a cell can sustain in dynamic conditions (40%). Considering the fact that the areal stiffness of the bilayer in our model is lower than the reported value, we conclude that pressure-induced cell bursting due to large area deformation of the bilayer is not likely with the given configurations and flow conditions. Another phenomenon we notice in Fig. 3 is that the orientation of the cell greatly affects the transit time (i.e. the time it takes to pass through the slit). Indeed, in case 3 (θ 0 = 90 • and ϕ 0 = 0 • ) it takes twice as much time for the cell to pass through as case 1 (θ 0 = ϕ 0 = 0 • ). The longer the cell stays in the slit, the higher the chance for it to be captured and phagocytosed by macrophages. Although the transit time is not the focus of the current study, it is clear that more systematic simulations are necessary in the future to document its dependence upon various parameters.
In Fig. 4 we display the distributions of area deformation at four different moments in case 1. It is seen that during the translocation area expansion occurs mostly on the right bulge that has already passed through the slit (see the snapshots at t = 50 ms and 60 ms). This suggests that as the internal fluid is pumped through the bridge the right bulge sustains large dynamic pressure. After the cell leaves the slit, the area deformation quickly disappears. For example, at t = 104 ms only localized (and very weak) area compression is left. Fig. 5 demonstrates the corresponding shear deformation at case 1. The shear deformation is concentrated near the bridge within the slit. Similar to the area deformation, after the translocation process the magnitude of shear deformation quickly drops. Simultaneously, the regions with significant shear deformation shrinks until it becomes highly localized (see the snapshot at t = 104 ms).
The distributions of area and shear deformations on the cell membrane with the other two initial orientations are plotted in Figs. 6 to 9. In all of these cases the maximum area deformation occurs in the right bulge when the cell is in a dumbbell shape. Meanwhile the maximum shear deformation occurs on the bridge, where the cell sustains stretching load. After completely leaving the slot, we again see that these in-plane deformations plummet in magnitude.
It is seen that in all three cases during the recovery phase (after the cell has completely left the slit) the membrane deformation undergoes two trends: the decrease in the magnitude of deformation and the shrink of the affected region. Due to the second trend the membrane deformation quickly becomes localized. This is most pronounced in case 3, where shear deformation concentrates around four spots at the edge of the tongues (see Fig. 9 at t = 124 ms). These spots, as shown in the figure, are also places with high out-of-the-plane (i.e. bending) deformation. Such deformation concentration, as we shall show later, coincides with large negative (dissociation) pressure between the cytoskeleton and the lipid bilayer.
Contact pressure between the cytoskeleton and the bilayer
The contact pressure between the cytoskeleton and the lipid bilayer is an important parameter associated with mechanically induced structural remodeling of the system. As mentioned in the introduction, the connectivity between the skeleton and the bilayer is achieved via transmembrane proteins (band 3 and glycophorin C) embedded in the bilayer, which are then linked to the skeleton through other proteins (e.g. ankyrin, protein 4.1 and protein 4.2). Sufficiently large mechanical loads may rupture the linkages between these proteins as well as the protein-to-lipid linkage, leading to skeleton-bilayer dissociation. These mechanical loads are closely associated with the contact pressure p c , defined as the contact force per unit area between the two layers in our level 3 model. Positive values of p c refers to the scenario when the two layers are pushed towards each other, whereas negative values correspond to the dissociation trend between the two (which is what we are interested in). Fig. 10 shows the time histories of the maximum dissociation pressure between the skeleton and lipid bilayer (again we use two dotted vertical lines to mark the start and end of the translocation). A noteworthy phenomenon is that large values of p c may actually occur during the recovery phase after the translocation. Indeed, in case 3 (in which the cell deformation is more significant than the other two cases) the peak value of p c almost reaches −1000 pN/µm 2 (herein the minus sign refers to the dissociation tendency). To put this in context, our previous simulations 33 show that in a typical micropipette aspiration (by applying a negative pressure of 256 pN/µm 2 in a cylindrical pipette with radius R p = 0.668 µm) of a cell with similar properties, the peak value of dissociation pressure is only -130 pN/µm 2 .
The dissociation pressure between the cytoskeleton and the lipid bilayer after the passing progress may be attributed to the differences in the shape recovery progress of these two components. In our model the biconcave shape coincides with the lowest strain energy configuration of the lipid bilayer so that it will automatically re-establish this shape after the cell leaves the slit. The cytoskeleton, on the other hand, is simply carried by the lipid bilayer towards the biconcave configuration. This induces interaction pressure between the two. Although the bending stiffness of the cytoskeleton is negligible compared with that of the lipid blayer, when there is in-plane deformation in it the tension may impart resistance to out-of-the-plane (bending) deformations. This is likely an explanation of the fact that large values of contact pressure coincide with large in-plane deformations.
To further investigate the occurrence of large dissociation pressure during the recovery phase, in Fig. 11 we plot the distribution of contact pressure in these three cases in the recov- ery phase (at t = 104 ms, 140 ms, and 124 ms, respectively). It is seen that similar to the in-plane deformations at these moments, the contact pressure is also localized (especially in the third case). In the first case negative (dissociation) pressure occurs around two locations (close to the locations with concentrated area and shear deformations shown in Figs. 4 and 5 ). In the second and third cases it appears at four locations, two on the upper tongue and the other two on the lower one, again coinciding with distributions of area and shear deformations shown in Figs. 6 to 9.
Although they both involve infolding deformation, the key difference between case 2 and case 3 lies in the locations of the dimple elements (i.e. the membrane elements originally located at the dimple areas in the natural configuration) during the translocation. As shown in Fig. 12 , in case 2 the dimple elements remain on the central axis (the x axis), whereas in case 3 they remain in two sides away from the x axis. Due to the shape memory effect 48 these elements will always try to return to their original locations (the dimples) after the translocation. With this requirement it is seen from the figure that in case 2 it is much easier for the cell to recover its biconcave shape compared with case 3 (in which the infolded region will eventually form the rim of the biconcave shape). This provides an explanation for the large differences between these two cases in terms of the recovery process and the contact pressure.
Conclusions and discussion
By using a multiscale fluid-cell interaction model, we numerically investigated dynamics of a red blood cell being pushed through a slit by an incoming flow. Rather than documenting the behavior under different conditions (e.g. incoming flow speed, viscosity ratio between the internal and outside fluids, and lateral offset between the initial location of the cell and the slit; for computational reason, parametric studies will be conducted in the future), we focus on a phenomenologi-cal investigation about the temporal and spacial distributions of the deformations of the membrane as well as the contact pressure between its two components, the lipid bilayer and the cytoskeleton.
Depending on the initial orientation of the cell, during the translocation procedure two different behaviors in the shape deformation of the cell have been recorded. In the first scenario the cell forms a dumbbell shape when it squeezes through the slit. The second scenario is characterized by the occurrence of infolding, in which two tongues are formed with a concave region between them. These two cases are similar in terms of the maximum area deformation, whereas infolding may induce large shear deformation. Inflated by the internal fluid that is pumped through the slit, the maximum area expansion occurs on the right bulge formed by the membrane that has already passed through. Meanwhile, the maximum shear deformation occurs on the bridge (the part that is still within the slit), which is stretched in the process. On the other hand, large dissociation pressure appears after the cell itself has completely passed through the slit and tries to re-establish its original configuration. Without infolding, it concentrates on two spots. When infolding occurs, four spots with large dissociation pressure are observed. In a case with infolding (θ = 90 • and ϕ 0 = 0 • ) following the localization of membrane deformation the peak value of the dissociation pressure surpasses that in a typical micropipette aspiration. However, further tests show that in this case infolding (and the subsequent large negative pressure) is only achieved within a tiny range of parameters (when ϕ 0 = 0 • the value of θ has to be between 87 • and 93 • ). In contrast, with θ = 0 • infolding occurs when 70 • < ϕ 0 < 110 • . This case, on the other hand, is associated with less membrane deformation and much smaller contact pressure between the two layers. This may provide an explanation why a normal RBC can go through the spleen many times during its lifetime without losing its structural stability and integrity.
The occurrence of large dissociation pressure (which may lead to skeleton-lipid dissociation and vesiculation) suggests the possibility of mechanically induced structure remodeling. Large negative pressure may lead to mechanically induced skeleton-bilayer dissociation and vesiculation. By using the critical mechanical loads associated with the rupture of intraprotein, inter-protein and protein-to-lipid linkages (some of these are available from literature), it is possible to numerically predict the occurrence of these structural remodelings. Our problem is transient so that dynamic (rather than quasistatic) mechanisms have to be considered. In addition, the negative contact pressure is localized. It is not known if the local dissociation it creates can trigger a domino effect which eventually leads to vesiculation.
One important factor that has not been considered in this study is the stress-free (or reference) state of the cytoskeleton. It refers to the configuration of the membrane with zero stress inside the cytoskeleton. In the current study the reference state coincides with the natural biconcave state of the cell. However, recently there are experimental and numerical evidences suggesting that this may not be accurate [49] [50] [51] [52] . Instead, a spheroidal reference state can explain the natural shape 53, 54 , the shape memory effect 48 , and the dynamics of RBCs in low shear rate flows 49 . Such a reference state leads to a distribution of prestress inside the cytoskeleton when it is in the natural biconcave state. Since the magnitude of this prestress is small, its effect on the cell dynamics during large deformations (e.g. when the cell is still in the slit) is expected to be insignificant. On the other hand, it may affect the recovery procedure of the cell as the in-plane deformation of the skeleton decreases. Since the reference state plays a pivotal role in the shape recovery of the bilayer and the skeleton, its effect on the contact pressure between them may be profound. Future studies in this direction are thus necessary.
Finally, it will be interesting to investigate the effects of changes in the mechanical or morphological conditions (e.g. shear stiffness, volume-to-surface area ratio) of RBC on its mechanical performance in the spleen. These changes can be caused by mutations, diseases, or storage. We are particularly interested in how the changes in the structural stability and robustness of the cell affect its survivability in this environment. The destruction of RBC in large quantity in the spleen leads to anemia. The correlation between these changes and the transit time through a slit is another important topic. Abnormal cells may either be blocked or spend longer time in the spleen, increasing their chance of being destroyed by macrophages. 
In the boundary-element formulation, we discretize both the cell surface and the solid boundaries into quadruple elements (incidently, the boundary elements on the cell surface coincide with the finite elements on the lipid bilayer). With N c collocation points on the cell surface and N b points on the solid surfaces, Eq. (1) is written in its discretized form as
Meanwhile, the boundary condition (Eq. (2)) becomes In general cases Eqns. (3) and (4) are coupled. The most effective way to solve them simultaneously is through an iterative algorithm, which is extremely expensive (considering the fact that large number of elements are necessary on the cell surface to resolve its complicated deformations). However, we note that in the case when Λ = 1, Eqns. (3) and (4) are simplified as
and
In this special case evaluation of the double-layer integrations is avoided. More importantly, the two equations are now decoupled so that they can be solved much more efficiently. Specifically, from Eq. 
